UNITED STATES DEPARTMENT OF THE INTERIOR

GEOLOGICAL SURVEY

Shallow electromagnetic data from three known fault zones in the

Paradox Basin, Utah

by

Raymond D. Watts

Open File Report 81-1135
1981

This report is preliminary and has not been reviewed
for conformity with U.S. Geological Survey editorial
standards. Any use of trade names is for descriptive
purposes only and does not imply endorsement by the USGS.



Abstract

This report describes a preliminary investigation of the effectiveness of
two electromagnetic exploration methods as means of finding unmapped faults in
the Paradox Basin environment. Results indicate that the Very Low Frequency
(VLF) method is useful. VLF profiles were measured across three known fault
traces near Gibson Dome, San Juan County, Utah. Each fault or set of faults
generated a significant anomaly. In some cases, the anomaly due to the fault
was superimposed on a larger scale anomaly caused by the transition from
unaltered rocks away from the fault to altered rocks in or on one side of the
fault zone. 1In one case, the lithology of the surface rocks was different on
the two sides of the fault (Kayenta Formation to the northwest, Navajo
Sandstone to the southeast), so the signature of the fault itself was
superimposed on the signature of the transition between formations. 1In
addition to the VLF surveys, one line of high-frequency loop-loop induction
measurements was taken, using an instrument with a 4-meter loop separation.
The method did not appear to locate faults successfully; further experiments

using greater loop spacings need to be done.



Introduction

The U.S. Geological Survey is participating in an effort by the U.S.
Department of Energy to locate a suitable site for permanent disposal of
nuclear waste material in the Paradox Basin of southeastern Utah. The target
medium for storage of the waste material is salt (halite) layers of the
Paradox Member of the Hermosa Formation of Pennsylvanian age. At a suitable
site, the repository layer would be 300 to 900 m below the surface.

The structural features of the rocks that overlie the salt are important
in determining the suitability of a site. Fractures, faults, and joints
(generically referred to as "faults" in this report) constitute threats to the
integrity of the repository layers, as likely sources of movement (leading to
physical disruption of the repository) or intrusion of groundwater (leading to
dissolution of the repository host rock). It is imperative, therefore, to be
able to locate faults in the Paradox geological setting.

The Permian and Mesozoic formations that overlie the salt, and that crop
out near the study area at Gibson Dome, are composed of sandstone and shale.
The sandstones are more resistant to erosion than the shales, so the vast
majority of the surficial rocks of the area are sandstones that form nearly
horizontal erosion surfaces. Most of the surficial faults in the area,
therefore, have sandstone outcropping on both sides. Consequently, methods
that are sensitive to mterial changes across a fault, such as gravity or
magnetics, are unlikeiy to detect a fault in the Paradox environment.

Electrical methods offer a possible means of locating faults directly, as
opposed to sensing changes in rock characteristics on either side of the
fault. The direct detection of the fault is based on anomalous electrical
properties in the fault =zone. Increased groundwater penetration through

fractures increases ionic conduction in the rocks during the water’s presence.



Minerals that precipitate in the fracture may render the fracture either more,
or less, resistive (depending on the specific minerals precipitated) — a
change that persists even after water no longer occupies the fracture.

The problem of finding faults in the uniform terrane of the Paradox Basin
becomes one of locating anomalous conductors or resistors. A thorough search
for faults requires the use of methods that are inexpensive and rapid. This
translates into a requirement for a method that needs few operators and a
minimum of equipment. Field experience in the Paradox Basin indicates that
contact electrical methods are difficult to apply; the combination of
extremely high surface resistivity and low resistivity at shallow depths
conspires to require large-surface—area current electrodes and a high-power
transmitter. Non-contact electromagnetic methods are far more adaptable for
reconnaissance surveys.

The study described in this report was a preliminary evaluation of two
electromagnetic methods: VLF (Very Low Frequency magnetic field tilt amgle
and ellipticity) and short-spaced loop-loop induction. Rather than
investigate an area where there was no known 1likelihood of finding an
electrical anomaly, I surveyed several areas where there are mapped faults or
inferred extemnsions of faults. Characterization of electromagnetic anomalies
due to known faults 1is a wuseful first step in 1learning whether these
electromagnetic methods are useful reconnaissance tools. If mapped faults
cannot be detected, then there is little 1likelihood that these methods are
useful for finding less obvious, unmapped faults.

The methods described in this report are not experimental. They have
been used for many years in mineral exploration problems. What was unknown is
their sensitivity to faults in a sandstone environment. The case histories

that are available show successful detection of conductors in massive sulfide



metal exploration. That success., however, does not reveal much information
about the utility of shallow electromagnetic methods in the Paradox Basin.

The utility of any geophysical method depends on the size of an anomaly
in relation to the variability in properties of the surrounding rock. That
variability generates anomalies that tend to hide the significant anomaly.
This is homologous to the engineer’s concept of signal-to-noise ratio. This
study does not go far enough in evaluating the signal-to-noise ratio for the
Paradox Basin, but initial results suggest that faults are easily observable
over the background noise of normal lithologic variability when using the VLF
method, but not when using the short-spaced loop-loop induction method.

As with all geophysical data, interpretation 1is not totally
straightforward. There are anomalies presented in this study (and many
others) that remain unexplained. In some cases, these may be due to important
structural features, such as faults, that have not been mapped because they
are covered by the Quaternary eolian mantle. 1In other cases, they may be due
to hydrologic changes in the mantle or in the underlying rock, or due to
variations 1in thickness of the mntle. Many of the uncertainties can be
resolved by taking data along parallel lines and noting what anomalies persist
from line to line; these will be the important ones. In other cases, a
complete interpretation requires additional knowledge that can often be gained
by conducting other types of geophysical surveys.

Because the surveys presented in this report were done where faults were
already known to exist, this work does not add much knowledge about the
occurrence of faults in the Paradox Basin. It is hoped that the encouraging
indications of the utility of the VLF method will lead to its frequent use as
a reconnaissance method, pointing to those areas where more intensive work

needs to be done using other methods.



The VLF Method

The United States and Soviet governments use VLF radio signals for ome-
way communication to their submarine fleets. The transmitter that generates
the signals used in this study is located in Cutler, Maine, and transmits at a
frequency of 17.8 kilohertz (KHz). The signals propagate approximately
radially from the transmitter, with the electric field polarized vertically
but with a small component in the radial direction; the magnetic field is
polarized horizontally and perpendicular to the direction of propagation. The
small component of electric field in the radial direction couples with the
conductive earth surface; the electromagnetic fields penetrate the earth to an
extent that is controlled by the conductivity of the rocks. An indication of
the depth of penetration of the waves is given by the skindepth, §:

1/2 (1)

§ = (ﬂfuod)-
where o is the electrical conductivity of the rocks in siemens/meter (S/m), f
i1s the operating frequency of the system in hertz, and p, is the permeability
of free space (4m x 10~/ henry/m). An analytical study by Watts (1978)
indicates that a perfectly conducting narrow target (such as a buried pipe or
wire) is difficult to detect at depths exceeding 1/2 skindepth. Faults and
other geologic targets are not perfectly conducting, but they have greater
spatial extent than the narrow perfect-~conductor model; they can probably be
seen at about the same depth limit. Choosing a conductivity of 0.0l S/m that
is believed to be representative of sandstones in the Paradox Basin, the depth
limit of detectability of a fault should then be about 20 m. The method will
be useful, therefore, only in cases where the conductive electrical zone comes
quite close to the surface. Many parts of the Paradox Basin are covered by a

thin mantle of Quaternary eolian deposits; conductive faults should be

detectable if this mantle is the only obstruction.



The VLF response to a conductor is primarily due to the following three-
step process: (1) the source field induces an electric field in the host
medium, (2) currents flow in the conductor in response to this primary
electric field, then (3) the excess currents generate a detectable anomalous
magnetic field. A resistive fault, consequently, has 1little VLF response
because step (2) results in a small zone of reduced primary-field currents,
which are not spatially concentrated, and the total anomalous current is
small. The conductive fault, on the other hand, yields a compact zone of
large currents. The anomalous current far exceeds the primary currents that
flow in a comparable volume of the host rock. Resistive (insulating) faults
or fracture zones are difficult to detect, while conductive ones are
comparatively easy to detect. The essence of this study was to determine
whether certain faults in the Paradox Basin are characterized by anomalously
high conductivity (rather than low conductivity), thereby making them easy
(rather than difficult) to detect using the VLF method.

Over a uniform earth, the magnetic field is linearly polarized in a
horizontal direction. The anomalous magnetic field generated by currents
flowing in buried conductors contains a significant vertical component.
Because of the vertical component, the 1linear polarization becomes an
elliptical polarization, with the major axis of the ellipse tilting away from
the horizontal. The instrument used in this survey (a Geonics EM-16) measures
the tangent of the major axis tilt angle and the ratio of minor axis to major
axis, or ellipticity. Ellipticity can be positive or negative depending on
the rotation sense of the elliptical polarization.

The interpretations of data in this report are qualitative; no comparison
with modeling results has been done. There are three general principles. A

transition from a less conductive to a more conductive earth or overburden is



characterized by a single tilt-angle anomaly that {is positive (upward tilt)
when facing the more conductive region (Weaver, 1979). The maximum of the
ellipticity anomaly is coincident with the maximum of the tilt angle. The
signature of an isolated conductor, on the other hand, 1s characterized by a
doublet anomaly in the tilt angle, positive as the conductor 1is approached
(facing the conductor) and negative as it 1s passed (Watts, 1978). The
ellipticity anomaly in this case has the same appearance as the tilt anomaly,
but is broader.

Shay Graben, Line SG-1

Figure 1 shows the location of line SG-1; 1its bearing is S.20°E. It
crosses a row of small sandstone pinnacles (0 to 3 m in height) that display
gouge and vertical slickensides and appear to represent the northern boundary
fault of Shay Graben. Station 0 is on this row of pinnacles. The line
crosses a similar but much more subdued row of pinnacles at Station 710S. The
stations are located at 10 m iIntervals along a straight line. The station
number represents the distance from Station 0 in meters, with N or S
designating the direction from Station O.

Figure 2 shows the raw data from 1line SG~1. The data appear somewhat
noisy due to measurement uncertainty and error. Measurement error 1s
estimated to be about +1.57 for the tangent of the tilt angle, and +2% for
ellipticity. A smoothing filter was applied to the data to remove the jitter
due to measurement errors and possibly due to small near-surface conductors in
the eolian mantle. Figure 3 shows the data from line SG-1 after smoothing
with a center-~weighted three-point running-average filter having weights of
1/4, 1/2, 1/4. This filter removes small single-station variations in the
readings and makes interpretation easier. Comparison of Figures 2 and 3
reveals no loss of significant information as a result of the smoothing

process.
















































